The decomposition process of the supersaturated solid solution Cu-15wt%Ni-8wt%Sn prepared by powder metallurgy has been studied by anomalous small-angle scattering of X-rays. The ageing has been followed at 623 K. The analysis of the small-angle scattering intensities shows that the spinodal decomposition model accounts neither for the measured contrast of the electronic densities nor for the anomalous effects observed near the absorption edges of the elements contained in the sample. The measured intensity variation is large and of opposite sign when the Cu and Ni edges are approached from the lower energy side: a decrease of 30% for an energy variation from 292 to 8 eV below the Ni Kabsorption edge and a sharp increase of 140% from 300 to 7 eV below the Cu K edge. A comparison with previous studies on the same system indicates that the decomposition process investigated in our samples corresponds more to the nucleation and growth regime than to the spinodal one. We found that the assumption of (Cuo.52Ni0.48)3Sn precipitates having D022 structure is in agreement with our experimental results. the anomalous dispersion of the X-ray scattering
I. Introduction
Cu-Ni-Sn alloys with high nickel and tin contents can be substantially hardened by a decomposition process of the supersaturated solid solution a during an ageing treatment after quench.
In the first hardness studies on the alloys Cu-5wt%Ni-5wt%Sn and Cu-6wt%Ni-6wt%Sn, it was assumed that age hardening results from the precipitation of a tin-enriched phase (L6o, 1967; Badia, 1962) . A (Cu,Ni)3Sn composition was proposed for the age-hardening phase by Badia (1962) in lowphosphorus copper-nickel-tin bronzes, whereas L6o (1967) concluded that the major hardness changes occur in the temperature range 573-673 K with for-0021-8898/90/040266-11 $03.00 mation of the metastable tr phase, a ternary variant of Cu4Sn. Ageing for longer times or at a higher temperature resulted in the precipitation of the equilibrium y phase. Bastow & Kirkwood (1971) suggested that the y phase (CuxNil-x)3Sn, an ordered face-centered cubic (f.c.c.) D03 type, is derived from the one in a Cu-Sn binary alloy with nickel substituting copper.
More recently, several authors (Schwartz, Mahajan & Plewes, 1974; Lefevre, D'annessa & Kalish, 1978; Ditchek & Schwartz, 1980) have concluded that the spinodal decomposition of the a phase in the temperature range 573-673 K is responsible for the age hardening of the alloy. They used X-ray diffraction to follow the side-band evolution of the diffraction peak during the decomposition process and also transmission electron microscopy (TEM) to observe the precipitation occurring at the different decomposition stages.
It is worth noting that wide-angle X-ray diffraction is a more sensitive technique to study the beginning of the decomposition process than the hardness measurements used in the first studies by L~o (1967) and Badia (1962) . However, the X-ray diffraction technique is very sensitive to strain effects which lead to side-band asymmetry. Furthermore, the position and intensity of the side-band peaks may be altered by the sharp fundamental diffraction peak. Consequently, the treatment of the experimental data is difficult.
A less-ambiguous technique for the study of the early stages of a decomposition process is smallangle scattering (SAS) of X-rays or neutrons. The SAS pattern is almost unaffected by lattice displacements or strain effects. The spectrum of the composition waves is directly observed and the scattered intensity is proportional to the square of their amplitude. From the scattering curves, different parameters can be measured with high accuracy (Guinier, 1964; Gerold, 1967) . In addition, the use of factor which selectively varies the contribution of each element to the scattered intensity allows one to obtain further information. Despite these advantages, it had not been used previously to study the decomposition of Cu-Ni-Sn alloys.
In this paper, we present a detailed analysis of the first data obtained by classical and anomalous smallangle X-ray scattering (ASAXS).
lI. Sample preparation 1. As-quenched alloys
The high-tin-content alloy strip Cu-15wt%Ni-8wt%Sn (Pfinodal R) was supplied by Tr~fim6taux. It has been prepared by powder metallurgy in order to limit tin segregation during solidification. It differs from the alloys used in the previous studies which were elaborated by the classical metallurgy process where the specimens were heat treated in a furnace and water quenched after annealing. A consequence of such a treatment is that during the slow solidification from the melt, tin segregation can occur both in the grains and at grain boundaries, providing a lower age-hardening response in the materials (Scorey, Chin, White & Livack, 1984) .
The impurity level was below 200 p.p.m. The strip had a width of 1.2 cm and a thickness of 60 ~m. As this industrially produced strip was age hardened during the elaboration, it was necessary to restore the solid solution. The specimens were homogenized at 1148 K for 55 min in a nitrogen atmosphere before being water quenched. To fit the X-ray diffractometer holder, the strip was reduced to 1.2 cm in length. Furthermore, the specimen was electrochemically and/or mechanically thinned to 20 I~m in order to satisfy the X-ray transmission condition for photon energies near the Ni and Cu K-absorption edges (8333 and 8979 eV respectively). For experiments on the Lm absorption edge of tin (3928 eV; the Sn K edge, 29200 eV, is not accessible), we found that these industrial strips were not suitable. Indeed, the grain size can give an idea of the minimal thickness value that is possible to obtain by mechanical or electrochemical thinning. In our case, the average grain size of the specimens was between 3 and 5 ~m, and certainly more after annealing at 1148 K. The optimum thickness value needed for suitable X-ray transmission is about 3 lxm which is much less than the grain size. Nevertheless, attempts on samples with a thickness of 9 Ixm are ?eported in §IV.
Samples aged at 623 K
The ageing process during heat treatment was controlled with the small-angle X-ray scattering apparatus of our laboratory at the University of Poitiers (Naudon & Flanck, 1982) . The set up works in point collimation (1 mm 2) with a convergent Cu Ka beam (8041 eV) from a Guinier-type monochromator. A specially designed furnace maintained at a vacuum of 10 -4 Pa allows in situ isothermal treatment (up to 823 K) of the samples during SAS measurements.
Thus we can follow the evolution of the decomposition process and also choose the most significant ageing time. The ageing temperature was fixed at 623 K in order to cover the beginning of the decomposition process. As shown in Fig. 1 , three ageing times (1, 10, 100 min) corresponding to three different stages of the decomposition process were considered. The measured intensities are corrected by a classical normalization procedure (Gerold, 1967; Naudon & Flanck, 1982) in order to get the scattering intensity in absolute units (electrons A-3 or e
III. ASAXS technique
The feasibility and investigation possibilities of ASAXS, using a similar experimental configuration, have already been reported in several papers (Goudeau, Fontaine, Naudon & Williams, 1985; Goudeau, Naudon, Chamberod, Rodmacq & Williams, 1987) . Partial structure functions on multicomponent alloys have also been obtained (Lyon & Simon, 1986 Simon & Lyon, 1989 ).
Principle
This technique takes advantage of the sharp changes in X-ray scattering amplitudes near characteristic absorption edges (K, L, ...). The X-ray atomic factor f of an atom is given by where E is the energy of the incident photon and q = (4zr sin 0)/A, the magnitude of the scattering vector in reciprocal space. For scattering angles 20 close to the angular origin, i.e. in the small-angle region, the atomic scattering factor f(q,E) is, in a first approximation, independent of the momentum transfer q. Then, the first term fo is equal to the atomic number Z. The two energy-dependent terms f'(E) and f"(E), known as the anomalous-scattering factors, have a sharp variation near absorption edges.
The real part f' has large negative values in a narrow energy range (of several hundred eV) centered on the energy of the absorption edge. For example, a 30°/'o decrease of both the copper and nickel atomic scattering factors can be obtained by tuning the X-ray energy to the immediate vicinity of .their respective K absorption edges (8979 and 8333 • eV). In the case of tin, the atomic-scattering varia-• 4ion is as large as 40% for photon energies very close to its Lni absorption edge (3928 eV).
The imaginary part, f", is an absorption term; weak and nearly constant below the edge, it becomes more important above the edge, i.e. in the region where a strong background of fluorescence does not allow the coherent scattering to be measured with accuracy. Consequently, we used photon energies slightly below the energy of the considered absorption edge. Thus, in ASAXS experiments, only the main variation of the dispersion term f' is used.
The continuous transformation which occurs in a decomposition process gives rise to a small-anglescattering profile related to an electron density contrast. So, a variation of the atomic scattering factor must give a variation of the SAS intensities which will be characteristic (amplitude and direction) of the element probed in the sample.
Thus, ASAXS can be used to elucidate the nature of a continuous transformation which occurs in a supersaturated solid solution. According to the considered model, the distribution of the probed atom can be deduced from the corresponding variations of the scattered intensity. Generally, it is desirable to study the absorption edge of all the sample elements in order to improve, as much as possible, the supposed model. The full potentialities of ASAXS will be shown in this paper when applied to Cu-Ni-Sn alloys.
Experimental set up
The ASAXS experiments have been performed at LURE, the French Synchrotron Radiation Facility at Orsay, on beam line D22. We give here (Fig. 2 ) the main points of this experimental apparatus which have been described elsewhere (Dubuisson, Dauvergne, Depautex, Vachette & Williams, 1987) .
A two-crystal monochromator selects a narrow energy band width (z~IE/E= 10 -3) in the polychromatic beam. The monochromator is equipped with Ge(lll) crystals for investigations near copper, nickel and tin absorption edges. Two sets of slits are used to define a pinhole collimated beam (cross section= 1 mm2). The incident X-ray intensity is monitored by an NaI scintillator placed before the sample. A second similar scintillator, placed after the sample holder, constantly meaures the sample absorption. This enables the calibration of the monochromator with the edge determination (inflection point) of a known sample (copper, nickel or tin thin foils). In this way, it has been possible to measure the Lm-absorption edge of tin with a tin foil about 5 Ixm thick. A sample holder with six positions allows the automatic measurement of five different samples and also the parasitic scattering (without sample). Monochromator, slits and sample holder are all maintained in a vacuum of 1.3 Pa. SAXS profiles are recorded using a one-dimensional position-sensitive counter filled with an Xe-CI-L gas under a pressure of 2-5 × 10SPa. The sample-counter distance of 570 mm has been chosen in order to study both the scattering close to the angular origin and the broad peak which appears at higher angles (at about q = 0-1 A-I). With this configuration, the smallest q value accessible is about qmin = 0"015/~k-1 (420/~k in real space) compared to the one obtained with our standard laboratory set up, 0-06/~-~ (100 A).
The detectors used in our experiment have an energy resolution of about 20% at 8000 eV which is good enough to remove the higher harmonics of photon energies near the copper and nickel Kabsorption edges but not the fluorescence (resonant Raman scattering) which appears just below the edges. The recording times have been chosen in the range 500-1000 s in order to minimize the statistical error of counting concerning SAXS profiles, incident-and transmitted-beam intensities. The experiment is controlled by a microcomputer.
The experimental set-up described above is optimized with respect to energy resolution and detector efficiency for a standard energy range of 6000-12 000 eV. At low energies such as for the study near the Sn Lm absorption edge (3928 eV), the (1) with entrance and exit tantalum slits (2); NaI scintillator detectors (3) with antiparasitic slits (4), sample holder (5), beam stop (6) and the position-sensitive detector (7). radiation intensity delivered by the synchrotronradiation source is weak. Therefore, it is necessary to remove all absorbent elements (kapton windows etc.) in order to minimize beam absorption. The detector efficiency on the tin edge is about 45% compared to 80% on the copper and nickel K edges.
Data corrections; normalization
A reference sample (A1-2at.%Ag), where no anomalous effect should be observed in the energy range used, takes into account the undesirable efficiency variation of detectors with energy. Of course, this reference sample was quenched and aged in order to give a SAXS response of similar shape and intensity as the sample which we studied.
Another important correction to the data obtained with the Cu-Ni-Sn alloys has to be considered. In fact, near the copper K-absorption edge, a strong background of fluorescence due to the nickel Kabsorption edge appears. Also, inelastic scattering mainly due to resonant Raman scattering appears at 30 eV below the Ni K-absorption edge. In order to extract only the coherent scattering contribution, all these 'parasitic' scattering contributions have to be removed. As the fluorescence background remains nearly constant in the angular range studied, a cut off qc (A-1) was chosen in the asymptotic q range where the intensity was set to zero (see §IV). Then, the fiat background was easily removed from the whole spectrum (Goudeau et al., 1986) .
The data [IM(q,E)] have been corrected for beam decay (I0) and sample absorption (transmission t) according to the correction formula:
where t is the sample thickness, dO the solid angle and re 2 the Thomson factor. The dead-time correc- tion (< 15 txs) was found to be negligible at the low count rates of our measurements. In our laboratory, the SAXS curves are obtained in absolute units (e/~ -3) with CuKa energy (8041 eV). At LURE, we have chosen the same energy value for experiments far from the nickel edge. Therefore, comparisons between Al-2at.%Ag profiles measured at different energies and the one obtained with our laboratory set up ( Fig. 3) give the normalization coefficient CN(E) ( Table 1) which includes detector energy response. This coefficient is nearly constant in the energy range used and also in the q range considered.
The normalized intensities Iu(q,E) in e/~-3 are then obtained when multiplying the corrected intensities by the corresponding coefficient CN(E):
(3)
IV. Experimental results
The SAS spectra of the Cu-15wt%Ni-8wt%Sn samples aged for 1, 10 and 100 min at 623 K ( Fig. 1) show that a strong additional scattering close to the angular origin superimposes the SAS broad peak due to the decomposition process and modifies its shape.
Consequently, the study of the continuous transformation occurring in the grains cannot be done without separating both contributions to the SAS curves.
As this strong 'tail' near the angular origin also exists in the as-quenched sample, a first solution to this problem would be to subtract the as-quenched scattering curve from the SAS pattern obtained after an ageing treatment, provided that the scattering of the as-quenched sample does not evolve during the ageing treatment. Unfortunately, we found that the scattered intensity near the angular origin decreases with ageing time between 1 to 100 min, as shown in Fig. 4(a) where the scattered intensities have been recorded at 8041 eV. These curves have been obtained on the experimental set up at LURE which allows further information to be obtained concerning the very small q range of the scattering spectrum.
In order to elucidate the origin of this strong 'tail' and, if possible, to separate the contributions to the SAS signal due to the decomposition process with respect to the strong upturn near the origin, we have performed anomalous-scattering measurements near Cu, Ni and Sn edges.
The anomalous response on both copper and nickel K-absorption edges has been studied for three different ageing times, 1, 10, 100 min at 623 K. Four energies have been chosen near each of the two edges in order to obtain significant variations of the atomic scattering factors.
The ASAXS spectra vary with energy as shown in Fig. 5 , where the experimental curves have been normalized according to the procedure described above. The anomalous effect is spectacular.
Near the Ni K-absorption edge, the SAS intensities due to the in-grain decomposition decrease when the photon energy approaches the energy absorption edge 8325 eV. This decrease is concealed by the asymptotic scattering close to the origin which is preponderant at 8 eV below the edge. Consequently, quantitative values relevant to the in-grain decompo- sition process cannot be extracted from these SAS curves. Only the relative decrease of approximately 30% for an energy variation from 292 to 8 eV below the edge is of interest here. On the contrary, a very sharp increase of the maximum intensity, near the Cu K-absorption edge, is observed. This effect is more pronounced when tuning the photon energy in the immediate vicinity of the edge. A 140% increase is obtained for an energy variation from 300 to 7 eV below the edge. Therefore, the SAS intensity associated with the in-grain decomposition can be easily separated from the SAS spectra, and accurate values can be obtained, such as: the correlation length A deduced from the maximum position qM (A = 2rc/qM) of the scattering curves; the intensity maximum IM; the integrated intensity (Gerold, 1967) 
where qc is the experimental cut-off value chosen in order to keep nearly constant the ratio qJqM for the three ageing times considered. For the sample aged for 1 min at 623 K, the q~ value is fixed at about 0"32~ -1 The two other values are then 0.26 (10 min) and 0.19 (100 min)A -~. With this method, we measure the same fraction of the integrated intensity for the different ageing times considered here. Then, a comparison between these different values for a fixed energy can be done without ambiguity. All these parameters deduced from our ASAXS measurements on the copper edge are given in Tables 2 and 3. We notice that the relative increase of the integrated intensity Qo is approximately the same as the one obtained for the maximum intensity IM at a fixed ageing time. This confirms that there is no change in shape of the different intensity curves. At the tin edge, it was not possible to obtain data. In the case of Cu-Ni-Sn alloys, the harmonic M3 (3E--ll700eV) given by the Ge(lll) crystals, which is intense with respect to the fundamental ,~ (E =3900eV), excites the copper K fluorescence (K-absorption edge = 9000 eV). A strong incoherent scattering then appears on the Lm-absorption edge of tin, which conceals the weak coherent scattering. The low energy resolution of the detector does not allow separation of the copper fluorescence and the coherent energy. In addition, harmonic rejection cannot be achieved by slightly detuning the parallelism of the monochromator crystals because it produces too large an intensity decrease of the fundamental. Thus, if the sample thickness limitation is a disadvantage for SAXS study of Cu-Ni-Sn alloys at the tin edge, the main drawback is the low energy resolution of the detector.
The accuracy our our intensity data (Q0 and IM) and SAS parameters (Rg and A) can be estimated roughly within 3 and 2% respectively.
V. Discussion

Strong 'tail' in the very small q range of the scattering spectrum
Such a tail is commonly present in SAS patterns of metallic alloys: it is attributed to large defects such as intergranular particles. The contrast of these defects may be dependent on the photon energy.
As shown in Fig. 4(b) , the scattering intensities decrease the more the photon energy increases from 8041 to 8979 eV which is the Cu K edge. This effect is independent of the ageing time. Similar results previously reported (Goudeau, Naudon & Welter, 1988) have also been obtained from ASAXS measurements of the as-quenched samples. In this paper, we suggested that the strong intensity near the angular origin corresponds to coarse precipitates at grain boundaries.
Recently, Collins & Barry (1988) have observed precipitates rich in nickel and tin (similar to the y phase) at grain boundaries in as-quenched Cu-15wt%Ni-8wt%Sn alloys prepared by rapid solidification. Therefore, according to the two-phase model, the scattering intensity measured close to the origin can be attributed to an electronic density contrast between precipitates rich in tin and nickel and a matrix rich in copper. The effective electronic density of the matrix always decreases when the photon energy varies from 8041 to 8972 eV. As the effective electronic density contrast varies in the same way, the electronic density of precipitates must be nearly constant and strictly lower than that of the matrix. This condition, satisfied with pure tin precipitates, excludes the assumption of a phase rich in tin and nickel, such as (CuxNil-x)3Sn or Ni3Sn. Indeed, tin has an atomic scattering factor nearly constant in the energy range used (fsn = 50 e) and a large atomic volume (Vsn "" 27 A3). SO, its effective electronic density (PSn = 1"85 e A -3) remains constant and lower than that of the matrix (Pmatrix~---1"97e/~-3 at 8972 eV). During ageing, these precipitates grow with increasing time, giving rise to an apparent decrease of the scattered intensities because of a tightening of the scattering profiles. Nevertheless, this last explanation is not satisfying because tin melts at 505 K which is a lower temperature than that of ageing (623 K). Furthermore, our interpretation is in contradiction with what is usually observed for these Cu-Ni-Sn alloys concerning the nature of these precipitates after the ageing treatment. Indeed, TEM measurements show that the y phase forms precipitates at grain boundaries at an early stage in the ageing sequence (Schwartz et al., 1974) . But our anomalous measurements indicate that no change occurs in the precipitate composition after ageing because the anomalous variation is the same for both as-quenched and aged samples.
Despite the fact that the assumption of tin precipitates at grain boundaries is qualitatively consistent with our ASAXS results, we cannot evaluate here the exact composition of these precipitates; additional studies are necessary. We can only confirm the high tin content and the low density of these precipitates.
Decomposition within grains
In order to give an unambiguous description of the origin and the kinetic evolution of the scattering hump, models compatible with what is otherwise known about this alloy have to be considered.
Generally, the decomposition of supersaturated solid solutions can be divided into two regimes (Ditcheck & Schwartz, 1979) :
the 'nucleation and growth' mechanism for which the instability results in a local perturbation large in amplitude but small in extent;
the 'spinodal decomposition' which is considered as a perturbation in all the volume of the sample, small in amplitude but large in extent.
The distinction between the two regimes is often blurred in metallurgical systems and the classical techniques such as side-band analysis of small-angle scattering cannot give a clear-cut conclusion.
Nevertheless, the recent studies on the Cu-Ni-Sn alloys which have been briefly presented in the Introduction conclude that age hardening results from spinodal decomposition. Therefore, we first analyze our ASAXS data using the spinodal decomposition model. The latter part of our discussion will be about the phase-separation possibility which has been proposed by Kratochvil, Mencl, Pesicka & Komnik (1984) .
To fit the experimental data obtained on each absorption edge studied, the knowledge of the values of the dispersion terms (f' and f") are necessary to calculate the theoretical intensity variations. For these, we used data computed from absorption coefficients through the optical theorem and the Kramer-Kronig integral [Sasaki (1984) , see Table 4 ]. As shown in Table 2 , the integrated intensity does not vary with ageing time at a selected energy. At 8949eV, the amplitude of the fluctuation Ap deduced from our experimental Qo value according to (5) is equal to 0.145 e/~-3. All the studies mentioned previously consider that the decomposition of Cu-Ni-Sn alloys consists primarily of a tin modulation along approximately equal Cu/Ni tie-line ratios. Consequently, the knowledge of the amplitude of tin fluctuations allows us to calculate the contrast Ap. Ditchek & Schwartz (1980) suggested tin fluctuations between 0.8 and 5.6 at.% for the initial composition of 3.2at.% in their sample.
If we consider such an amplitude of fluctuation with an initial composition of 4.4at.% of tin in our sample, we find 1-1 and 7-7 at.% respectively for the lower and higher limits of the tin fluctuation. As the ratio Cu/Ni = 4.76 remains constant, the composition in tin-rich regions is Cu76.3Ni16Sn7.7 compared with the average composition of the alloy Cu79Ni16.6Sn4. 4. The value of the contrast then obtained is weaker than the experimental value, Apple = 0-070 e/~-3.
In these calculations, we have supposed that the atomic volume is the same in the whole volume, i.e. only fluctuations in composition are considered here.
If we take into account an increase of the atomic volume in the Sn-rich region (a few %) with respect to the average atomic volume, then the electronic density will be nearly constant and equal to P0 in the whole volume: no contrast will be observed because the increase of the average atomic scattering factor in the Sn-rich region is balanced by the increase of the average atomic volume.
We have calculated the variation in intensity that we can expect on each edge for such fluctuations in composition, considering an average atomic volume (V = 12.06 A 3) in the whole volume of the sample: at 8041 eV, i.e. 292eV from below Ni K, Ap = 0.064 e A-3; at 8325 eV, i.e. 8 eV from below Ni K, Ap = 0.067 e A-3; at 8679 eV, i.e. 300 eV from below Cu K, zip = 0-066 e/~-3; at 8979 eV, i.e. 7 eV from below Cu K, zip = 0.074 e/~-3
The relative increase of the contrast zip obtained when the photon energy varies from 300 to 7 eV below the Ni K edge is in contradiction with the measured variation of the SAS intensity. Indeed, on this edge, the fluctuation in composition cannot explain the 30% decrease of the SAS intensity. Moreover, on the Cu K edge, the increase of 12% obtained is less than the 140% observed.
In short, the fluctuation in composition considered here is too weak in degree to be in agreeement with the experimental results on:
(a) the electronic density contrast zip: an increase of the amplitude of fluctuation (i.e. tin modulation) would give rise to phase separation because of the strain field necessary for the coexistence of very rich and very lean tin regions;
(b) the anomalous variations on the Cu and Ni edges: the assumption of a tin segregation for a constant Cu/Ni ratio does not allow an intensity decrease to be obtained on the Ni K-absorption edge. The very rich tin region must also be enriched in nickel.
In order to deal with this model, we have to compare our results on the kinetics of decomposition to those obtained in the recent studies mentioned in the Introduction. The experimental values given in Table 2 show two important features of the decomposition process: the contrast Ap is nearly constant during the ageing (from 1 to 100 min, Q0 = constant) at a selected energy while the correlation length A increases (Table 3) ; the anomalous variation on both edges is independent of ageing time.
Investigations of the decomposition of an alloy of the same composition by Lefevre et al. (1978) suggest that the square of the amplitude is directly proportional to the integrated intensity of the side bands. Their kinetic analysis at 623 K shows an increase with ageing time of both wavelength and amplitude of the modulation. The ageing behavior of the amplitude is in disagreement with our observations. The linearized theory of the spinodal decomposition evoked by Lefevre et al. (1978) does not take into consideration the dependence of side-band intensity on wavelength that arises from the lattice-spacing modulation. Such an approach, valid for the SAS peak, is often unsatisfactory for the side-band analysis. Ditchek & Schwartz (1980) have used a non-linear theory to take into consideration the dynamical nature of the spinodal waveform which occurs at the beginning of the decomposition in Cu-10Ni-6Sn. During the ageing at 623 K of their samples, the wavelength first remains constant while the amplitude increases, and then increases logarithmically (after 30 min) when the amplitude growth saturates. Consequently, the decomposition process studied in our samples may correspond to the end of the second stage evoked by Ditchek & Schwartz (1980) , i.e. the beginning of the nucleation and growth mechanism.
The spinodal decomposition model explains neither the anomalous effects observed nor the ageing behavior of the SAS curves. Thus, we assume that the decomposition we studied here corresponds to the coarsening regime when the amplitude is nearly constant and the wavelength increases. We have to consider the phase-separation mechanism where the SAS peak results from a contrast of electronic density between precipitates very rich in tin and nickel and a matrix depleted in tin. Nevertheless, it is obvious that the homogenization treatment done in order to restore the solid solution influences the ageing behavior of our samples. Indeed, the spinodal decomposition regime can already occur during the quench as suggested by Collins & Barry (1988) . They have studied by microscopy and electron microprobe analysis a Cu-15wt%Ni-8wt%Sn alloy obtained by rapid solidification and observed that the maximum hardness of the sample not previously solution treated was greater than that of the solution-treated material. Moreover, the maximum hardness was achieved at a lower temperature. Such a behavior suggested to the authors that the spinodal decomposition begins during the quench of the sample previously homogenized because of the relatively slow cooling rate.
(b) Nucleation and growth mechanism. TEM studies of aged samples of Cu-Ni-Sn generally indicate that the spinodal structure rapidly develops its own internal crystallographic symmetry. Thus, Lefevre et al. (1978) observed weak diffraction spots within the modulated structure similar to those attributed to the 6 phase by Wise & Eash (1934) . The 6 phase is an ordered ternary variant of the complex Cu4Sn phase seen in the Cu-Sn system. In our case, the 6-phase hypothesis does not seem physically reason-able because the lattice-parameter value of the Cu4Sn compound is 17.95A and thus larger than the experimental value of the radius of gyration (Table  3) . On the other hand, Ditchek & Schwartz (1980) considered a metastable phase (CuxNil-x)3Sn of the D022 A13Ti type to explain the superlattice reflections observed in the diffraction pattern. The elongation effects of the superlattice reflections along definite crystallographic directions indicated that this metastable phase is tetragonal with 16 atoms per cell. At the equilibrium state, the y-phase precipitates with a f.c.c, structure (003 type) and a lattice parameter of about 5.93 A. This phase may be considered as a good candidate because the two conditions mentioned previously are satisfied: precipitates are rich in tin (25 at.%) and the ratio Cu/Ni is allowed to change.
The simplest model to describe the phase separation is the 'two-phase' model for which the alloy is composed of well defined precipitates embedded in a depleted matrix. The expression for the integrated intensity becomes
where p~ and p2 are the electronic densities inside the matrix and the precipitates respectively, c being the volume fraction of precipitates which depends on both the radius of gyration Rg and the correlation length A according to the formula (Guinier, 1964) :
The calculation of the electron density contrast Ap at different X-ray energies have been done by taking into account three unkown parameters: the nickel content in the precipitates (1 -x), the volume fraction of these precipitates (c) and the amount of tin at grain boundaries (y). The atomic volume of the precipitates used in the calculations is that of the y phase; Vprecipitates "-(5"93)3/16 = 13"03/k 3. The value of the lattice parameter of the a phase obtained by X-ray diffraction measurements is 3.64 A; Vmatrix-'~ (3"64)3/4 = 12"06 ]k 3.
The anomalous variations of the SAS intensity obtained when the proton energy varies from 300 to 7 eV below both Cu and Ni edges and the integrated intensity Q0 at 8949 eV are given in Table 5 as a function of x for c = 16% and y = 0.2 at.% of tin. A good agreement between experimental data and calculated values is found for a composition of nickel in the precipitates, (1-x), equal to 48 at.%. The experimental values of the anomalous variations on the two edges and the integrated intensity are respectively + 140% (Cu K), -30% (Ni K) and Qo(8949 eV) = 20.0 x 10 -3 e A -3. We note that the ratio of the calculated and experimental integrated intensities is about 0.9 which indicates a reasonably good estimate of the theoretical value. Table 5 also shows that the ratio Cu/Ni in precipitates (1.08) is weaker than the one corresponding to the matrix (6.14). This means that the nickel content is greater in the precipitates than in the matrix. Another interesting effect is the change of the direction of the intensity variation for a critical value of the ratio Cu/Ni in precipitates equal to 2.7 (i.e. x --0.73), as mentioned previously (Goudeau et al., 1988) .
Concerning the calculations, some comments are necessary:
(1) The value of the volume fraction c obtained by the 'fit' (16%) is greater than that given in Table 3 (13%). This discrepancy can be explained by considering that the experimental value has been calculated using the radius of gyration Rg instead of the radius of Guinier Ra; generally, Ra/Rg > 1. In the case of small precipitates, the particle shape can be approximated by a sphere and then the ratio Ra/Rg is equal to 1-29 (Guinier, 1964) . Therefore, the experimental volume fraction (13%) is certainly underestimated.
(2) The average value of the tin content in grain boundaries is weaker (y = 0-2 at. %) than that Obtained in grains (4.2 at.%). A small variation of this value does not change the results appreciably. The main factor is the difference between the average concentration of tin in the precipitates (3.74 at.%) and the matrix (0.46 at.%).
(3) The imaginary part of the amplitude of the electron density cannot be neglected. For each energy, we found that the contribution of the imaginary dispersion term f" to the Qo intensity value is about 10%.
(4) A small variation of the constant values f', f", Vp and Vm does not change drastically the results; we always find a value ofx (at.% Cu) close to 0-5 with c = 16% and y = 0.2.% Sn.
As shown in Fig. 6 , the linear dependence of the square root of Qo versus fc~ (real part) indicates that the 'two-phase' model is a good approximation in our case.
Our experimental results also show that Q0 and c remain constant i.e. (pl-p2)= cst (Table 3) during the ageing at 623 K and the variation of the integrated intensity Q0 with photon energy is independent of ageing time (Table 2) . We conclude that the composition in precipitates does not change during the treatment. However, this technique is not sensitive to a structural transformation such as the metastable D022 phase to equilibrium D03 phase because of their crystallographic similarity.
VI. Concluding remarks
The SAXS technique has been used for the first time to study the decomposition process of a Cu-Ni-Sn alloy, i.e. Cu-15Ni-8Sn. The accuracy of the experimental data is better than that given by wide-angle X-ray diffraction measurements: the SAS spectra are not affected by lattice displacements or strain effects. Moreover, the inclusion of the anomalous dispersion of the X-ray scattering factors allowed us to give a good explanation of the origin of the SAXS response.
The spinodal decomposition model proposed in previous studies must be reconsidered. The decomposition process investigated in our samples and under our heat-treatment conditions corresponds to the coarsening regime; the spinodal decomposition regime, if it exists, may occur during the solution treatment. Calculations based on a phase-separation model give results in agreement with the observed intensity variations on both Cu and Ni K edges: small precipitates of the metastable D022 phase, having the composition (Cuo.52Ni0.ns)3Sn, in a matrix depleted in Sn and rich in Cu are responsible for the SAXS signal. These entities grow with ageing time, without any change in composition. Ni, Cu). The full line corresponds to the calculated integrated intensity, multiplied by a factor of about 0-9; this factor is given by the ratio of the calculated and experimental integrated intensities at 8949 eV [see Decomposition within grains: (b) Nucleation and growth mechanism].
In the same way, Kratochvil et al., (1984) concluded that age hardening in Cu-9Ni-2Sn and Cu-9Ni-5Sn studied by TEM and electron diffraction results from the precipitation of the metastable phase D022, (CuxNil-x)3Sn. They observed that the hardening was determined by the Sn content; in particular, three processes participate in the decomposition for the alloy richer in tin: (1) spinodal decomposition during the quench; (2) nucleation of the (CuxNi~_x)3Sn particles having 0022 structure; (3) appearance of a lamellar structure (D03).
In the present work, a concrete example of the application of anomalous dispersion of the X-ray scattering factor has been given. This technique of ASAXS allows us to differentiate between different models which otherwise can fit equally well the SAXS data in very complex systems. In the case of ternary alloys such as Cu-Ni-Sn, it gives a clear-cut analysis of the decomposition process when at least two absorption edges are accessible.
We wish to thank the technical staff of LURE-DCI for providing the synchrotron beam and for assistance with the experiment. C. E. Williams and A. Fontaine are gratefully acknowledged for fruitful discussions.
